Natural rubber biosynthesis occurs on rubber particles, i.e. organelles resembling small lipid droplets localized in the laticifers of latex-containing plant species, such as Hevea brasiliensis and Taraxacum brevicorniculatum. The latter expresses five small rubber particle protein (SRPP) isoforms named TbSRPP1-5, the most abundant proteins in rubber particles. These proteins maintain particle stability and are therefore necessary for rubber biosynthesis. TbSRPP1-5 were transiently expressed in Nicotiana benthamiana protoplasts and the proteins were found to be localized on lipid droplets and in the endoplasmic reticulum, with TbSRPP1 and TbSRPP3 also present in the cytosol. Bimolecular fluorescence complementation confirmed pairwise interactions between all proteins except TbSRPP2. The corresponding genes showed diverse expression profiles in young T. brevicorniculatum plants exposed to abiotic stress, and all except TbSRPP4 and TbSRPP5 were upregulated. Young Arabidopsis thaliana plants that overexpressed TbSRPP2 and TbSRPP3 tolerated drought stress better than wild-type plants. Furthermore, we used rubber particle extracts and standards to investigate the affinity of the TbSRPPs for different phospholipids, revealing a preference for negatively charged head groups and 18:2/16:0 fatty acid chains. This finding may explain the effect of TbSRPP3-5 on the dispersity of artificial poly(cis-1,4-isoprene) bodies and on the lipid droplet distribution we observed in N. benthamiana leaves. Our data provide insight into the assembly of TbSRPPs on rubber particles, their role in rubber particle structure, and the link between rubber biosynthesis and lipid dropletassociated stress responses, suggesting that SRPPs form the basis of evolutionarily conserved intracellular complexes in plants.
INTRODUCTION
Phospholipids are major components of plant cell membranes (Schwertner and Biale, 1973; Harwood, 1980; Salisbury and Ross, 1992) . The abundance of different charged and neutral phospholipids, and the saturation (oxidation) status of their fatty acids, influences membrane fluidity and protein binding (Gombos et al., 1994; Upchurch, 2008; Mosblech et al., 2009) . The head groups and fatty acid chains are also involved in various signalling processes that control stress responses, development and vesicle trafficking (Munnik and Meijer, 2001; Holstein, 2002; Zhu, 2002; Pleskot et al., 2012 Pleskot et al., , 2013 Pleskot et al., , 2014 Zhang et al., 2012; Golani et al., 2013; Ischebeck et al., 2013) . Many of these processes involve the endoplasmic reticulum (ER), which is not only the major site of phospholipid biosynthesis but also where many stress signals are generated (Shank et al., 2001; Gupta and Tuteja, 2011) . The ER is the origin of important storage lipids such as triacylglycerols, as well as other hydrophobic biopolymers such as natural rubber that are subsequently thought to be stored in ER-derived lipid droplets (Moore et al., 1973; Staehelin, 1997; Walther and Farese, 2009) .
Lipid droplets act as storage organelles with additional signalling roles during development and stress (Chapman et al., 2012) . These functions can be fulfilled by the storage of functional molecules such as triacylglycerols, oxylipins, phytoanticipins, sterols, natural rubber and certain proteins (Chapman et al., 2012; Shimada et al., 2014; Laibach et al., 2015a,b; ) . Most studies have focused on oil bodies coated with the structural protein oleosin, which are predominantly found in seeds and developing tissues (Napier et al., 1996; Chapman et al., 2012) . However, lipid droplets without oleosin are present in many other plant tissues. These droplets are often associated with proteins of the rubber elongation factor (REF) family, which are characterized by a conserved REF domain whose function is unclear (Hillebrand et al., 2012; Berthelot et al., 2014a,b; Laibach et al., 2015a,b) . Although REF proteins were first identified in rubber particles -the specialized organelles in which poly (cis-1,4-isoprene) accumulates as natural rubber -they are also present in many non-rubber-producing species Cornish et al., 1999; Gidda et al., 2013 Gidda et al., , 2016 . For example, in avocado (Persea americana) and oil palm (Elaeis guineensis), REF proteins are found in the fruit mesocarp lipid droplets (Gidda et al., , 2016 Horn et al., 2013) . Furthermore, REF proteins such as the stressrelated protein CaSRP1 from bell pepper (Capsicum annuum) and the multiple stress responsible gene IbMusI from sweet potato (Ipomoea batatas) can improve drought and heat stress tolerance when overexpressed in Arabidopsis thaliana and tobacco (Nicotiana tabacum), respectively Seo et al., 2010) . A. thaliana REF orthologues behave in a similar manner and likewise they are localized on lipid droplets (Gidda et al., 2016; Kim et al., 2016) . These proteins are responsible for lipid droplet organization during the diurnal cycle, under cold stress and in seedlings, which suggests that REF proteins are conserved modulators of these small organelles and related intracellular structures (Gidda et al., 2016; Kim et al., 2016) .
REF proteins were discovered in the rubber tree Hevea brasiliensis, whose rubber particles contain SRPPs (HbSRPPs,~25 kDa) and an even smaller REF homologue (HbREF,~14.6 kDa), both of which promote rubber biosynthesis Oh et al., 1999) . HbREF and HbSRPPs also interact with artificial membranes and modulate their structure, but whereas HbREF tends to integrate into the membranes, HbSRPPs associate with the membrane surface without integration (Berthelot et al., 2012 (Berthelot et al., , 2014a . REF proteins are also present in the latex of alternative rubber-producing plant species such as the dandelion Taraxacum brevicorniculatum, its close relative T. koksaghyz, and the guayule shrub Parthenium argentatum (Kim et al., 2004; Schmidt et al., 2010; Collins-Silva et al., 2012) . In the two dandelion species, five closely related SRPP isoforms (95-100% amino acid sequence identity) and a larger REF homologue have been characterized (Schmidt et al., 2010; Laibach et al., 2015a,b) . Most of these proteins are predominantly expressed in the latex (TbSRPP2 is an exception), they localize to rubber particles in T. brevicorniculatum (although the presence of TbSRPP1 could not be verified by mass spectrometry) and promote rubber production, given that RNA interference (RNAi) targeting each isoform reduced the rubber content (Schmidt et al., 2010; Hillebrand et al., 2012; Laibach et al., 2015a,b) . The TbSRPPs appear to fulfil this task by stabilizing the rubber particles, because colloidal integrity is disrupted in the corresponding RNAi lines (Hillebrand et al., 2012) . Exceptionally, TbSRPP2 is expressed in other (non-latex) tissues, and the corresponding TbbZip1 transcription factor (which also activates TbSRPP1 expression) is induced by abscisic acid (ABA), providing a mechanism for the hormonal regulation of SRPP expression (Fricke et al., 2013) . ABA is known to regulate stress responses, suggesting that TbSRPPs mediate abiotic stress responses either as a current function or as an evolutionary vestige, in addition to their role in rubber biosynthesis.
We sought to determine the role of the TbSRPP isoforms, particularly in the context of rubber particle structure and stress tolerance. We therefore transiently expressed the TbSRPPs in Nicotiana benthamiana leaves and A. thaliana to investigate their localization and assembly, and we monitored their expression profiles and their impact on young T. brevicorniculatum plants under abiotic stress. Our findings also provide insight into the role of these proteins in rubber biosynthesis and rubber particle organization.
RESULTS
TbSRPPs are upregulated by abiotic stress and promote water-stress tolerance in A. thaliana TbSRPPs were previously found to be associated with rubber particles and to maintain their stability (Hillebrand et al., 2012) . The analysis of homologous genes encoding the stress-related proteins AtSRP1-3, CaSRP1 and MuSI from non-rubber-producing plants (Kim et al., , 2016 Seo et al., 2010; Gidda et al., 2016) indicated a role in stress responses ( Figure S1(a) ). To determine whether TbSRPPs function in a similar manner, we analysed the relative expression of TbSRPP1-5 (and the homologous A. thaliana gene AtSRP3 for comparison) under different abiotic stress conditions. We did not include the TbREF protein in our experiments because it is only distantly related to the TbSRRPs (12-18% identity) and it does not influence the colloidal stability of rubber particles, contrasting with the close relationship between REF and SRRP genes in H. brasiliensis (Laibach et al., 2015a,b) .
We cultivated 3-week-old T. brevicorniculatum and A. thaliana plants for 24 h in water at room temperature (control) or in medium supplemented with 0.5 M NaCl (salt stress), in the absence of water (drought stress), or in normal cultivation medium at extreme temperatures of 4°C or 42°C to induce cold and heat stress, respectively (Figure 1(a) ). We then measured the expression of all TbSRPP genes and AtSRP3, along with the stress-related reference genes listed below, by real-time RT-PCR (Figures 1(b, c) and S1(b) and Methods S1) (Ouvrard et al., 1996; Kim and Chung, 1998; Miller and Mittler, 2006; Mittler et al., 2006; Pennycooke et al., 2008; Kim et al., 2014) . Changes in salt, heat and cold stress-related reference gene expression were observed within 3 h in both T. brevicorniculatum (reference genes encoding zinc finger transcription factor TbZat10, ascorbate peroxidase TbAPX and C-repeat binding factor TbCBF2, respectively) and A. thaliana (reference genes encoding cold acclimation protein AtCAP160, ascorbate peroxidase AtAPX and C-repeat binding factor AtCBF2, respectively). In contrast, the induction of the drought-stress reference genes, encoding the lipid transfer protein TbLTP (Ouvrard et al., 1996) and the C-class heatshock transcription factor AtHsfC1 (Nover et al., 2001) , were delayed. Gene expression levels in all samples were normalized to the corresponding pre-treatment controls (0 h), which remained at approximately the same level for 24 h. Only samples exceeding the regulation threshold value of 3, which equates to a three-fold change in expression (default setting in CFX Manager software) were considered as upregulated or downregulated. Real-time RT-PCR data indicate relative changes in gene expression rather than absolute values, but TbSRPP1 mRNA levels were enhanced mostly under salt stress (like TbSRPP2) and additionally by drought stress (like TbSRPP3) but also to a small extent by heat, thus making it the most sensitive isoform in young plants exposed to abiotic stress. Interestingly, we observed the premature induction of TbSRPP1-3 under cold stress. TbSRPP4/5 showed later (after 24 h) and weaker (<3-fold) increases in gene expression compared to TbSRPP3, so we chose TbSRPP2 and TbSRPP3 for further analysis under abiotic stress. These genes were also deemed suitable because TbSRPP2 is the only ubiquitously expressed gene in the family, whereas TbSRPP3 encodes the major latex isoform (Schmidt et al., 2010; Hillebrand et al., 2012) .
We expressed both TbSRPP2 and TbSRPP3 under the control of the constitutive CaMV35S promoter in transgenic A. thaliana plants, with AtSRP3 controlled by the same promoter for comparison and as a positive control (Kim et al., 2016) . In the drought-stress experiments, 10 pots of 3-week-old transgenic A. thaliana plants expressing the various transgenes were watered or left untouched for 11 days, with wild-type Col-0 and corresponding vector controls for comparison. All plants were then watered for 3 additional days. Images were captured after 0, 3, 7, 11 and 14 days and samples were taken for mRNA extraction at the same time points to monitor the proline biosynthesis marker gene pyrroline-5-carboxylate reductase (AtP5CR) and AtSRP3 gene expression by real-time RT-PCR ( Figures  S3 and S4(a, b) ). Gene expression was normalized to the level in wild-type control plants at 0 days ( Figure S4(b) ). Samples for proline quantitation were taken after 0, 7 and 14 days because proline is a known osmoprotectant and its synthesis is induced under osmotic stress, allowing it to be used as a metabolic marker for stress tolerance (Irigoyen et al., 1992; Verbruggen and Hermans, 2008) . In addition, the relative water content was determined at the same time points and, at the end of the experiment, the relative survival rate was calculated (Figure 2(a, b) ).
The overexpression of AtSRP3, TbSRPP2 and TbSRPP3 in relation to the wild-type control was confirmed by realtime RT-PCR and western blotting, although the antibody raised against TbSRPPs only weakly recognized AtSRP3 ( Figure S4(b, c) ; Hillebrand et al., 2012) . The apparent molecular weights of AtSRP3, TbSRPP2 and TbSRPP3 determined by SDS-PAGE (30 kDa, 27 kDa, 30/27 kDa) are slightly larger than the calculated molecular weight of each protein (AtSRP3 = 27.2 kDa, TbSRPP2 = 23.1 kDa, and TbSRPP3 = 24.5 kDa). This phenomenon was also observed during the SDS-PAGE analysis of TbSRPPs in latex (Hillebrand et al., 2012) and could indicate the presence of post-translational modifications, potentially explaining the presence of two bands (30 and 27 kDa) in transgenic plants overexpressing TbSRPP3. In addition to the specific recognition of the overexpressed proteins (AtSRP3, TbSRPP2 and TbSRPP3), further proteins within the size range 34-37 kDa were also recognized non-specifically. The impact of drought stress was confirmed by monitoring the reference gene AtHsfC1, the proline biosynthesis marker gene AtP5CR ( Figure S4(b) ; Verbruggen and Hermans, 2008) and by directly measuring the proline content of the young plants ( Figure S4(a) ). There were no visible differences between wild-type plants and transgenic lines expressing AtSRP3 or TbSRPP2/3 under control conditions, but the transgenic plants were more tolerant under drought stress and recovered more quickly than wild-type controls (Figures 2 and S3) . The difference in drought tolerance was even larger when the AtSRP3 and TbSRPP2/3 transgenic plants were compared with the vector control rather than the wild-type plants, perhaps reflecting the impact of the T-DNA insertion or the expression of the antibiotic resistance cassette (bar gene) in the vector control plants.
The survival rate, based on the number of plants on day 0 and the number of plants recovered after 14 days, supported the visible impression of enhanced drought tolerance conferred by transgene expression. The survival rate for the CaMV35SP-TbSRPP2, CaMV35SP-TbSRPP3 and CaMV35SP-AtSRP3 plants was 54-60%, much higher than that of the wild-type plants (27%) and vector controls (0%). The proline content and AtP5CR expression profile generally matched these phenotypes ( Figure S4(a, b) ). However, Figure 1 . Relative expression levels of AtSRP3 and TbSRPP1-5 under abiotic stress conditions. (a) Endogenous relative mRNA levels were determined under control (coloured black), salt (NaCl, coloured green), drought (no water, coloured grey), heat (42°C, coloured red) or cold (4°C, coloured blue) stress by quantitative real-time RT-PCR. (b, c) We measured the expression of (b) AtSRP3 and (b) TbSRPP1-5. Relative mRNA levels were normalized against the constitutive T. brevicorniculatum or A. thaliana genes encoding elongation factor 1a. The sample at 0 h was used as a control. Values represent means AE standard error (SE) of three technical replicates of pooled plant material from at least six individual young T. brevicorniculatum or A. thaliana plants per time point and treatment. For statistical differences between the control sample and the corresponding treated samples, *P < 0.005 (calculated using CFX Manager TM software). Symbols: ↑ = upregulated (value of regulation threshold: 3), which equates to a three-fold change in expression. (a) Young A. thaliana plants overexpressing TbSRPP2/3 or AtSRP3 as well as wild-type Col-0 and pLab12.1 vector control plants 0, 7 and 14 days after the beginning of the treatment. The 3-week-old plants were watered continuously (control) or left untouched for 11 days (drought stress) and then all pots were watered for 3 further days. Scale bar = 8 cm. (b) Weight gain, water content and dry weight determined at the same time points as shown in the photographs. Differences between transgenic plants and the vector control compared with the wild-type plants at each time point in the stressed and unstressed state were determined by analysis of variance (ANOVA) with the Tukey-Kramer test (*P < 0.05, **P < 0.01).
the CaMV35SP-TbSRPP3 plants accumulated proline to similar or even greater levels compared to the wild-type and vector controls, whereas the proline content of the CaMV35P-AtSRP3 plants was higher than that of wild-type plants even in the absence of drought stress. Interestingly, the proline content of the CaMV35SP-TbSRPP2 plants remained the same as the untreated controls. Furthermore, AtP5CR expression in the CaMV35SP-TbSRPP2 plants after 11 days of water stress was much lower than in the other lines. Differences between vector control, wild-type and transgenic lines were also observed in terms of weight gain, water content and dry weight. The wild-type plants and vector control plants increased in weight by~1.4-fold within 7 days following the onset of drought stress and stayed at a constant in weight after this period. In contrast, the CaMV35SP-TbSRPP3 and CaMV35P-AtSRP3 lines increased in weight by 1.6-2.1-fold during the first 7 days of drought stress and continued to gain weight thereafter. They also gained weight more quickly than wild-type and vector control plants in the unstressed state. In line CaMV35SP-TbSRPP2, the initial weight gain was comparable with the control plants, but the growth after water stress in the second week was higher than in control plants.
To gain insight into the underlying physiological mechanisms, we measured the abundance of fatty acid methyl esters (FAMEs) resulting from the transesterification of triacylglycerols in adult CaMV35SP-AtSRP3 and CaMV35SP-TbSRPP2/3 transgenic plants, because SRPP orthologues in avocado and oil palm are associated with triacylglycerol storage in lipid droplets (Gidda et al., , 2016 Horn et al., 2013) and these structures are involved in stress responses (Zhu, 2002; Kim et al., 2010; Seo et al., 2010; Chapman et al., 2012) . However, we did not observe any significant differences in the FAME content between the transgenic lines and the wild-type or vector controls (Figures S4(d) and S5 and Methods S2).
TbSRPPs interact with each other on lipid droplets and in the ER
To investigate the intracellular localization of TbSRPP1-5 and AtSRP3, the cDNAs representing each protein were fused to the Cerulean reporter gene for transient expression in N. benthamiana plants and isolated leaf protoplasts (Experimental Procedures and Methods S3). In almost all cases, we observed Cerulean fluorescence on particles 1 lm in diameter in the cytosol (Figure 3 ). These were much smaller than chloroplasts and were similar in appearance to lipid droplets (Laibach et al., 2015a,b; Cui et al., 2016) . We stained the protoplasts with the lipophilic dye Nile red, which is known to stain lipid droplets (Diaz et al., 2008) , and confirmed the co-localization of Nile red staining and Cerulean fluorescence on the particles observed in protoplasts expressing each of the fusion proteins. Cytosolic fluorescence was observed in addition to the lipid droplets in protoplasts expressing TbSRPP1-Cerulean or TbSRPP3-Cerulean.
It is unclear whether TbSRPPs associate with rubber particles at an early stage in the ER or only when the mature particles are dispersed in the cytosol. We therefore co-expressed the Cerulean constructs with the ER marker protein CNX1 fused to the fluorophore mCherry (Liu et al., 2017) . The mCherry and Cerulean fluorescence in plants expressing TbSRPP1/3 showed only a partial overlap, and even less overlap was visible in the Cerulean control (Figure 4) . However, the epidermal cells of leaves expressing TbSRPP2/5 showed largely coincident fluorescence, and in those expressing TbSRPP4 the fluorescence was almost completely co-localized, partly in small round structures in the cytosol similar to those observed in protoplasts. However, the five SRPP isoforms are co-expressed in laticifers and can be found together in rubber particles (Schmidt et al., 2010; Hillebrand et al., 2012) . We therefore carried out bimolecular fluorescence complementation (BiFC) analysis using split-mRFP constructs to investigate the pairwise interactions among the TbSRPPs (representative examples are shown in Figure S6 , Jach et al., 2006) . The BiFC constructs expressed either the N-terminal (NmRFP) or C-terminal (CmRFP) portion of the mRFP protein, neither of which showed any fluorescence when expressed alone (unfused), and we also included a control construct fused to mEmerald to confirm that no signal was generated in the red channel even in the presence of another monomeric fluorescent protein ( Figure S6 ). However, we detected mRFP fluorescence in most of the co-infiltration experiments using different pairs of TbSRPPs (Figures 5(a) and S6 and Table 1 ). TbSRPP2 was exceptional, because fluorescence was observed only when it was paired with TbSRPP3. TbSRPP1, TbSRPP3 and TbSRPP5 generated a signal when both BiFC constructs carried the same TbSRPP, indicating the ability to form homodimers, whereas TbSRPP2 and TbSRPP4 were only able to form heterodimers. In almost all functional TbSRPP combinations, the distribution of the fluorescent signal was comparable with mRFP ER or the CNX1-mCherry marker (Figures 4 and S6) .
For the remaining experiments, we focussed on TbSRPP3-5 because these are the most abundant TbSRPPs in rubber particles. Accordingly, we carried out further BiFC experiments to visualize putative ternary interactions, specifically by co-infiltrating N. benthamiana leaves with TbSRPP3 fused to Cerulean plus TbSRPP4/TbSRPP5 fused to the split-mRFP constructs, or with TbSRPP4 fused to Cerulean plus TbSRPP3/TbSRPP5 fused to the split-mRFP constructs. In addition to the binary experiments, the ternary interactions resulted in an overlap in the domains of Cerulean and mRFP fluorescence, highlighting structures similar to those seen in the experiment using the marker CNX1-mCherry (compare Figures 5(b) and 4) . We also stained the lipid droplets with Nile red and measured the triacylglycerol content of N. benthamiana leaves transiently expressing TbSRPP3-5 fused to Cerulean as well as Cerulean alone (Figure 5(c, d) , Tables S1 and S2, and Methods S2). Although the number of lipid droplets was much higher when TbSRPP4-Cerulean was present, the overall size distribution was the same as that observed when Cerulean was expressed alone. The other TbSRPPs had no effect on the number of lipid droplets, but in leaves expressing TbSRPP5-Cerulean the lipid droplets were significantly larger. The fusion proteins had no significant effect on the FAMEs derived by transesterification.
TbSRPP3-5 binding depends on the head groups and fatty acid chains of phospholipids Next, we investigated the affinity of TbSRPP3-5 for different membrane lipids to provide insight into their role in rubber particle structure, assembly and function. Codonoptimized TbSRPP3-5 genes were expressed with a C-terminal His 6 tag in Escherichia coli and purified by affinity chromatography ( Figure S7 (a) for SDS-PAGE images of the purified proteins; Experimental Procedures and Methods S4). The fluorescent marker YFP was similarly prepared as a negative control. The affinity of the TbSRPPs for individual rubber particle components was determined by fractionating lipid extracts by thin-layer chromatography (TLC) with subsequent blotting onto a polyvinylidene fluoride (PVDF) membrane, a method known as the Far Eastern Blot (Taki and Ishikawa, 1997) . A methanol/chloroform extract of rubber particles was also prepared for TLC followed by liquid chromatography-mass spectrometry (LC-MS) analysis, revealing phosphatidylcholine (PC) as the most abundant phospholipid in T. brevicorniculatum rubber particle monolayers (70-80% of the total) and very low concentrations of phosphatidylethanolamine (PE), phosphatidylinositol (PI) and phosphatidylserine (PS) (Tables S3 and S4 and Methods S5and S6) . We therefore used the PC standards PC18:2/16:0 (the predominant form in the rubber particle extract) and PC16:0/16:0 to determine whether the fatty acid composition affects the affinity of TbSRPP3-5 binding.
The PC standards and rubber particle extract were separated by TLC and transferred to the PVDF membrane (Figure 6 (a) and Experimental Procedures), then probed with His 6 -tagged TbSRPP3-5 and YFP, followed by a detection antibody recognizing the His 6 tag. No signal was detected for YFP but clear signals were detected for TbSRPP3-5 in the rubber particle extract, apparently labelling PC18:2/16:0 at the same retention time as the standard but not labelling PC16:0/16:0 (Figure 6(a) ). To check for the other phospholipids found in rubber particles, we repeated the experiment with TbSRPP3 (because this is the major isoform in latex) using the abovementioned PC standards plus PC (18:2/18:2), PE (16:0/16:0, 16:0/18:2, 18:2/18:2) as well as further standards for PI, PI monophosphates and PS, the last three with a fatty acid composition of 16:0/16:0 ( Figure S7 (c)). PC18:2/16:0 was detected as above, but in this experiment TbSRPP3 also recognized the PI, PE (except PE18:2/ 18:2) and PS standards, although there were no bands in the rubber particle extract corresponding to PE or PS. To confirm the affinity of TbSRPP3-5 for phospholipid head groups, each protein was also incubated with Membrane Lipid Strips TM and developed with an antibody specific for the His 6 tag ( Figure S7(d) and Methods S7). TbSRPP3-5 exhibited similar binding patterns albeit with differing intensities, whereas the incubation of a Membrane Lipid Strip TM with purified YFP-His 6 yielded no signal. The SRPPs were found to bind PS and certain PIs, specifically at the PI (4)P monophosphate and the diphosphate PI(4,5)P 2 , but not PI, PC or the other lipids on the membrane, except for cardiolipin and sulfatide in the case of TbSRPP3. Weak signals for PA were also detected, especially in the case of TbSRPP4. The TbSRPPs therefore generally bound to negatively charged lipids with a preference for monovalent phospholipids.
The phospholipid-binding data and the composition of the rubber particle extract determined by LC-MS were used to create artificial poly(cis-1,4-isoprene) bodies (APBs) with a phospholipid monolayer (Table S5) . These APBs were then mixed with purified TbSRPPs 3-5, alone or all three combined, or with YFP, and their size was determined by dynamic light scattering. APBs without protein were used as a control. The control APBs showed a broad size distribution peaking at 400-450 nm (mean = 344.10 nm), whereas the addition of TbSRPPs resulted in a narrowing of the distribution, e.g. when only TbSRPP5 was present the size range was 150-200 nm (mean = 187.89 nm) representing an increase in particle homogeneity (Figure 6(b, c) and Table S6 ). The size distribution of the APBs in the presence of TbSRPPs differed significantly to the control APBs or those mixed with YFP, and the TbSRPPs also reduced the Z-average size indicating that fewer large particles or aggregates were present (Figure 6(d) and Table S6 ). The greatest similarity in size and distribution between the APBs and the natural T. brevicorniculatum rubber particles described by Schmidt et al. (2010) was achieved by combining the APBs with all three TbSRPPs. TbSRPP5 had the most significant influence of any single SRPP, followed by TbSRPP4 and finally TbSRPP3, the only one that appeared to be at least partly soluble.
DISCUSSION
The existence of five very similar isoforms of one protein family suggests redundancy, especially when no enzymatic function or obvious target sequences have been identified thus far. However, previous studies focusing on Taraxacum and Arabidopsis SRPPs have suggested that the different isoforms have diverse functions, which is supported and addressed in more detail by the present investigation (Hillebrand et al., 2012; Kim et al., 2016) . Fricke et al. (2013) showed that TbSRPP1 is the most ABA-sensitive of the isoforms and also the most strongly activated by the ABAresponsive transcription factor TbbZip.1, indicating that TbSRPP1 may be involved in abiotic stress responses. Interestingly, we observed the premature induction of TbSRPP1-3 under cold stress, which is known to promote rubber biosynthesis in guayule and can also induce the laticifer-specific HbSRPP promoter in T. brevicorniculatum, the latter also being activated by light and by rubber tapping (Cornish and Backhaus, 2003; Ponciano et al., 2012; Tata et al., 2012; Guo et al., 2014) . The proposed phylogenetic origin of TbSRPPs suggests they may be involved in stress responses, enabling them to promote rubber production under certain environmental conditions. As shown in Figure S1 (a), TbSRPP1 clusters with CaSRP1 and IbMuSI in group IV, whereas TbSRPPs 3-5 form a subgroup (I) together with the P. argentatum SRPP homologue PaGHS and homologues from H. brasiliensis, suggesting a role more restricted to rubber biosynthesis. TbSRPP2 clusters with avocado mesocarp lipid droplet-associated proteins and AtSRP3 , whereas AtSRP1 and AtSRP2 cluster in subgroup III with TbREF and other uncharacterized proteins. Mirroring this phylogeny, TbSRPP2 is expressed at similar levels in most tissues and TbSRPP3 is the major latex isoform (Schmidt et al., 2010; Hillebrand et al., 2012) . Because both TbSRPP2 and TbSRPP3 were induced by cold, drought and salt stress, TbSRPP2 is therefore presumably involved in rubber-independent stress responses whereas TbSRPP3 may be associated with a rubber-dependent stress reaction (Figure 1) . Furthermore, TbSRPP2 (like TbSRPP4) also contains a predicted transmembrane domain but TbSRPP3 does not (Figure S2 ; Hofmann and Stoffel, 1993) . Rubber has an Figure 6 . The affinity of TbSRPPs for phospholipids depends on the head group and side chain, and influences particle size and distribution. (a) TLC images before and after blotting onto a PVDF membrane probed with His 6 -tagged TbSRPP3-5 and YFP. Methanol/chloroform extracts of freshly harvested rubber particles (RP) and standards phosphatidylcholine (PC) with either 16:0/16:0 or 16:0/18:2 fatty acid chains were separated by normal phase high-performance TLC. Lipids were detected with primuline and then blotted onto a PVDF membrane, which was incubated with His 6 -tagged TbSRPP3-5 and YFP followed by detection with a His 6 -specific antibody. intrinsic protective function by sealing mechanical wounds and gumming the mouthparts of herbivores, reflecting its ability to coagulate when exposed to air (Dussourd and Eisner, 1987; Dussourd and Denno, 1991; Wahler et al., 2009) . The latex of lettuce (Lactuca sativa), of the common dandelion (T. officinale) and of many other plant species contains further defence-associated secondary metabolites and proteins (Sethi et al., 2008; Konno, 2011; Huber et al., 2015) suggesting that TbSRPPs may participate in natural rubber and/or latex defence machinery. Summarizing the knowledge gained about SRPP localization, regulation and function from previous reports (Hillebrand et al., 2012; Fricke et al., 2013) , we hypothesized that TbSRPP1 could be the first isoform to respond to stress, followed by TbSRPP3, whereas TbSRPP4 and TbSRPP5 are mainly responsible for rubber particle integrity. TbSRPP2 may fulfil a similar role to TbSRPP1, but primarily in tissues other than laticifers.
In addition to gene expression analysis, our results concerning the heterologous expression of TbSRPP2/3 showed that REF proteins from non-rubber-producing plants are not the only proteins associated with rubber particles that can promote stress tolerance. The A. thaliana homologue AtSRP3, which is already known to improve drought tolerance, most likely by modulating lipid droplet and triacylglycerol levels, behaved as expected based on earlier reports (Gidda et al., 2016; Kim et al., 2016) . This supports the reproducibility of the experiment even though we used young instead of adult plants, and may explain some of the differences we observed in terms of proline content of the transgenic plants. However, CaMV35SP-TbSRPP3 and CaMV35SP-AtSRP3 plants behaved similarly for all measured parameters, suggesting that TbSRPP3 and AtSRP3 fulfil a similar function (Figures 2 and S4) . The relatively high water content of both transgenic plant lines suggests that TbSRPP3 and AtSRP3 mediate drought tolerance by enhancing water retention capacity, probably in part by directly or indirectly promoting the synthesis of osmoprotectants such as proline. The enhanced expression of AtP5CR supports this hypothesis. The underlying mechanism of TbSRPP2-mediated drought tolerance appears to differ from that of TbSRPP3 and AtSRP3, and remains unclear, although chaperone activities similar to those of heat-shock proteins is one likely explanation (Wang et al., 2003 and; Wang et al., 2004 Sato and Yokoya, 2008) . The triacylglycerol content of the transgenic plants was similar to wild-type controls, but this may also reflect differences in the growth status or experimental conditions compared with earlier reports, in which the triacylglycerol levels were modulated in plants overexpressing AtSRP under cold stress, and in AtSRP knockout mutants at the seedling stage (Gidda et al., 2016) . The transient expression of TbSRPP3-5 in N. benthamiana leaves also had no significant effect on the fatty acid content. Nonetheless, the lipid droplet number was significantly affected by the expression of TbSRPP4, and their size distribution was significantly affected by the expression of TbSRPP5. A similar effect was recently described for a mouse protein, which stimulated lipid droplet proliferation in plants perhaps by modulating the distribution of triacylglycerols (Cai et al., 2017) . The effect of TbSRPP3-5 on lipid droplets and similar structures was also visible when we prepared APBs, especially the combination of all three isoforms which generated APBs similar to natural plant-derived rubber particles ( Figure 6 ; Schmidt et al., 2010) . Here again, TbSRPP5 had the greatest effect on the properties of the APBs whereas TbSRPP3 alone had a limited effect. The partly cytosolic localization of TbSRPP3 (and also TbSRPP1) in N. benthamiana epidermal cells and protoplasts may indicate a weaker interaction with the lipid droplets compared with the other isoforms (Figures 3-5) . Although TbSRPPs can bind to lipid droplets, as already described for some orthologues (Gidda et al., , 2016 Kim et al., 2016) , the compositional identity of the structures stained with Nile red in not known, and will be determined in detail in future studies. In N. benthamiana epidermal cells, fewer lipid droplets are visible in general, so they are likely to be localized within the ER, the proposed origin of these organelles. The co-localization experiments with the CNX1-mCherry marker provided further support for lipid droplet or rubber particle ontogenesis in the ER. However, further detailed studies are needed to confirm this hypothesis. Experiments reported by Hillebrand et al. (2012) together with data from our APB assays indicated that the co-expression of multiple TbSRPPs increases their functionality. We therefore investigated the interactions among the TbSRPPs by BiFC, revealing that the latex-dominant isoforms TbSRPP1, 3, 4 and 5 were capable of all possible pairwise interactions (homodimers and heterodimers), whereas TbSRPP2 interacted solely with TbSRPP4. Although TbSRPP assembly should be confirmed by further experiments, the multiple interactions suggest that the proteins act cooperatively, at least in T. brevicorniculatum. The localization of REF family proteins on rubber particles or similar structures has been reported before (Hillebrand et al., 2012; Gidda et al., 2013 Gidda et al., , 2016 Sando et al., 2009 ) and this finding is supported by the present study.
The mechanism underlying protein-lipid particle interactions is not yet understood. Therefore, we used Membrane Lipid Strips TM and Far Eastern Blot analysis to show that TbSRPP3-5 interactions with rubber particles are dependent on the head groups and the fatty acid composition of the membrane phospholipids. The lipid strips differ from the natural membrane lipid system because the spotted phospholipids are solely composed of palmitic acid chains, whereas natural phospholipids usually contain saturated and unsaturated fatty acids (Kates, 1970) . The latter influences membrane fluidity and stereochemistry, allowing proteins to integrate into the membrane more easily when unsaturated fatty acids are present (Subirade et al., 1995; Calvez et al., 2011; Boisselier et al., 2012) . When saturated fatty acids are present, the membranes have a greater surface pressure because the phospholipids are stacked closely together, making protein-membrane interaction via the phospholipid head groups more likely (Subirade et al., 1995; Boisselier et al., 2012) . Our results suggest that TbSRPP3-5 may bind to rubber particles via pockets of unsaturated PC, thus maintaining the integrity of rubber particles in the latex. This idea is supported by the LC-MS data from rubber particle lipid extracts, which comprise 70-80% PC and contain a higher proportion of unsaturated fatty acids (Table S4 ). The very low concentrations of PIs and PS may explain the weak or absent corresponding signal in the rubber particle extract, but does not exclude the possibility that TbSRPPs bind to these phospholipids in vivo. More specific interactions with PS and especially PI may play a role in rubber particle and lipid droplet ontogenesis, allowing the production of lipid droplets that are more numerous due to the presence of TbSRPP4 or larger due to the presence of TbSRPP5 (Ischebeck et al., 2013; Thiam et al., 2013) . The uncertain role of REF proteins in stress responses may also relate to the affinity of TbSRPPs for PIs involved in various stressrelated processes (K€ onig et al., 2008; Munnik and Testerink, 2009; Furt et al., 2010; Golani et al., 2013) . Furthermore, TbSRPP3 binds to cardiolipin, which in plants is mainly found in the mitochondria and is involved in their physiology (Pineau et al., 2013; Pan et al., 2014) . We have no evidence that TbSRPPs are localized in these organelles or that they participate in any associated pathways, and no cardiolipin was found in the rubber particle extracts, so the observed binding may be an artefact caused by its negative charge. Although the affinity of TbSRPPs for different phospholipids is clear and has also been reported for REF orthologues in H. brasiliensis and A. thaliana, other proteins may cooperate to achieve the selective binding of lipids (Berthelot et al., 2014a,b; Laibach et al., 2015a,b; Gidda et al., 2016) .
TbSRPP4 and TbSRPP5 are probably necessary for rubber particle integrity, accompanied by the more soluble TbSRPP3. The latter may also act, probably together with TbSRPP1, as a mediator between rubber particles and other organelles or cellular components in laticifers to promote stress tolerance. Although the behaviour of TbSRRP2 is exceptional (latex-independent gene expression and weaker interactions with the other isoforms), a similar role to the other TbSRPPs cannot be ruled out. Our localization and abiotic stress experiments indicated that most of the TbSRPPs appear to fulfil conserved roles in lipid droplet homeostasis as already described for AtSRPs (Gidda et al., 2016; Kim et al., 2016) . Rubber particle biogenesis in laticifers may be an adaptation of this general function, in which at least TbSRPP3-5 (and TbREF) facilitate the formation of a rubber biosynthesis complex, as described for HbREF in H. brasiliensis (Yamashita et al., 2016) . Although the specific mechanism of rubber particle ontogenesis remains unclear, our data provide insight into the role of TbSRPPs in rubber particle assembly and structural maintenance, and we have demonstrated a link between rubber biosynthesis and lipid droplet-associated stress responses, suggesting there is an evolutionarily conserved interaction network that coordinates these diverse functions.
Most of the SRPP functions we have identified, such as enhanced drought tolerance and protein-protein interactions, reflect experiments in non-rubber-producing model systems such as A. thaliana and N. benthamiana. We will gain more detailed information about the native functions of SRPPs by studying these proteins in the rubber-producing species T. koksaghyz, including interactions with other rubber particle proteins and lipids in vivo. Genome editing in T. koksaghyz will also be used to determine the role of individual SRPP isoforms in abiotic stress tolerance.
EXPERIMENTAL PROCEDURES Plant material and cultivation
Seeds from the apomict T. brevicorniculatum were purchased from the Botanical Gardens Marburg (Germany) and the young plants were cultivated in axenic culture at 25°C with a 16-h photoperiod (20 klx light intensity). Young A. thaliana plants were cultivated as above or in a York phytochamber (http:// www.york.com/) at 23°C with a 16-h photoperiod (20 klx light intensity). For gene expression analysis, surface-sterilized T. brevicorniculatum and A. thaliana seeds were sown on sterile filter paper placed on top of half-strength Murashige and Skoog ("MS) agar plates and were allowed to germinate at 26°C with a 16-h photoperiod (Murashige and Skoog, 1962) . At least six individual plants were pooled and used for RNA extraction per time point and treatment.
Total RNA extraction and cDNA synthesis Total RNA was extracted from T. brevicorniculatum or A. thaliana young plants and plant material for cDNA synthesis using the NucleoSpin© RNA Plant kit (Macherey & Nagel, http://www.mn-ne t.com/). The quality of the RNA was confirmed by photometry (NanoPhotometer, Implen, https://www.implen.de/) and gel electrophoresis. AtSRP3 cDNA was synthesized using SuperScript â II Reverse Transcriptase (Thermo Fisher Scientific, http://www.ther mofisher.com) according to the manufacturer's recommendations. For real-time RT-PCR, cDNA was synthesized using the TaKaRa PrimeScript TM First Strand cDNA Synthesis Kit (Clontech, http:// www.clontech.com) according to the manufacturer's recommendations.
Quantitative real-time RT-PCR
Quantitative real-time RT-PCR was carried out using a CFX96 detailed procedures are presented in Methods S1, and the primer efficiencies as well as all run reports are provided in the Data S1.
Overexpression of TbSRPP2/3 and AtSRP3 in A. thaliana
The cDNAs representing TbSRPP2/3 (Schmidt et al., 2010) and AtSRP3 (Salanoubat et al., 2000) were amplified using the appropriate primers (Table S7) to introduce XhoI and XbaI restriction sites, and inserted into the XhoI/XbaI sites of the binary plasmid pLab12.1 (based on pFGC5941, http://www.chromDB.org) containing the CaMV35S promoter. The integrity of each construct was verified by sequencing. The plasmids were introduced into Agrobacterium tumefaciens LBA4404 cells which were used to transform A. thaliana via the floral dip method (Clough and Bent, 1998) .
Drought stress treatment and measurement of proline levels
For the drought-stress experiment, soil was mixed with a defined amount of water and filled into pots, which were placed in small bowls. Seeds (45 mg) from transgenic and wild-type plants were sown in five pots per line and condition, and a defined amount of water was added to the bowls. The survival rate was calculated by counting the living plants after the experiment. For both RNA extraction and proline determination, at least 10 individual plants were pooled and three technical replicates were taken from each pool. For proline determination, samples were weighed, frozen in liquid nitrogen and lyophilized. For each time point, 10 plants from each pot were weighed, frozen in liquid nitrogen, freeze-dried and weighed again to determine the biomass and water content. Then a defined amount of water was added, the samples were heated in a microwave three times for 30 sec at 600 W (cooling to 4°C between steps), transferred to a Falcon tube with a hole in the bottom and then centrifuged (10 min, 4000 g) to isolate the cell sap. The extracts were diluted 1:25 with 70% ethanol and proline levels were calculated from the absorption at 520 nm (Bates et al., 1973; Carillo et al. 2011 ) using a microplate reader and i-control TM software (Tecan Group Ltd, http://www.tecan.com/).
Transient expression of TbSRPP1-5 and AtSRP3 in N. benthamiana
The TbSRPP1-5-Cerulean, AtSRP3-Cerulean, TbSRPP1-5-splitmRFP, mRFP ER and CNX1-mCherry constructs were introduced into A. tumefaciens strain GV3102 pMP90 and infiltrated into N. benthamiana plants as previously described (M€ uller et al., 2010) . After 3-4 days, protoplasts were prepared according to D'Angelo et al. (2006) with modifications. Briefly, leaf disks were cut abaxially and incubated in 500 mM mannitol for 30 min before immersion in protoplasting solution [500 mM mannitol, 10 mM CaCl 2 , 4% (w/v) cellulase, 1% (w/v) mazerozyme, 5 mM MES/ KOH, pH 5.6]. After 3 h at 26°C, shaking at 40 rpm in the dark, the leaf skeleton was removed, the protoplast solution was transferred to a reaction tube, and half a volume of 200 mM CaCl 2 was added. After 10 min centrifugation at 23 g, the supernatant was removed and protoplasts were washed three times with: (i) a mixture of 500 mM mannitol and 200 mM CaCl 2 in a mix ratio of 1:2; (ii) the same components in a mix ratio of 2:1; and (iii) with a buffered saline-glucose solution (154 mM NaCl, 192.5 mM KCl, 5 mM glucose, 1.5 mM MES/KOH, pH 5.6). Protoplasts were then re-suspended in the buffered saline-glucose solution and prepared for microscopy. Nile red was added to the protoplasts at a final concentration of 1 lg/mL to stain lipophilic molecules.
Confocal laser scanning microscopy
Cerulean and mRFP expression, chloroplast auto-fluorescence, and Nile red staining were visualized by confocal laser scanning microscopy at an excitation wavelength of 458 nm and emission wavelengths of 465-509 nm, 655-747 nm and 579-668 nm, respectively, using a Leica TCS SP5 confocal microscope (https:// de.leica-camera.com/). At least five areas were analysed in at least two independent transient transformation experiments.
SDS-PAGE and western blot
Proteins were extracted from A. thaliana seedlings as described by Tsugama et al. (2011) . SDS-PAGE was carried out using equal amounts of purified protein per lane. Protein concentrations were determined using the Bradford method (Bradford, 1976) . Proteins were separated on polyacrylamide gels containing 10% SDS and transferred to nitrocellulose membranes (Towbin et al., 1979) . The membranes were stained with 0.1% Ponceau S in 5% acetic acid to confirm equal loading and were then incubated with an antibody against TbSRPPs (Hillebrand et al., 2012) or the His 6 tag (Sigma-Aldrich, https://www.sigmaa ldrich.com/). After washing, the primary antibody was detected with a secondary horseradish peroxidase-conjugated mouse anti-rabbit IgG, according to the manufacturer's recommendations (Sigma-Aldrich). Proteins were visualized by chemiluminescence detection using a G:BOX Chemi XT4 camera (Syngene, http://www.syngene.com/).
Analysis of TbSRPP3-5 binding to blotted lipids
Phospholipid standards and the rubber particle extract were separated by high-performance TLC using chloroform:ethanol:water: trimethylamine (30:35:7:35 v/v) as the solvent phase. We separated 5 ll of a 5 mM standard solution of each phospholipid, and 10 ll of the rubber particle extract. After separation, the solvent phase was evaporated and the plate was stained with primuline (50 mg in acetone:water, 1:4 v/v). Fluorescent bands were visualized under UV light using a G:BOX Chemi XT4 camera (Syngene, http://www.syngene.com/). The phospholipids were then transferred to a PVDF membrane using the Far Eastern Blotting technique described by Taki et al. (1994) . After blotting, the PVDF membrane was blocked with 3% (w/v) fat free bovine serum albumin (BSA, Sigma-Aldrich, https://www.sigmaaldrich.com/) in PBS (pH 7.4) for 1 h at room temperature. The membrane was washed with PBS and then incubated overnight (shaking at 4°C) with 3 lg of the purified and lyophilized TbSRPPs reconstituted in 20 mL PBS (pH 7.4) containing 3% (w/v) BSA. After four washes with PBS, bound proteins were detected with a horseradish peroxidase-conjugated monoclonal antibody specific for the His 6 tag (Sigma-Aldrich) diluted 1:10 000 in 20 mL PBS (pH 7.4) containing 3% (w/v) BSA. Protein bands were visualized by chemiluminescence detection using a G:BOX Chemi XT4 camera.
Analysis of APBs by dynamic light scattering
APBs were prepared by mixing~6.2 ll 55.1% poly(cis-1,4)isoprene (2400 Da) and 44.9% phospholipid mixture (82.97% PC18:2/16:0, 14.43% PE, 2.53% PI and 0.07% PS, v/v) with 3.5 ml APB buffer (0.25 M sucrose, 50 mM Bis-tris) followed by three rounds of sonication (20% amplitude, 20 sec). The APB solution was distributed into reaction tubes, mixed with 18.4 lg total purified protein or water, and vortexed. Each sample was diluted 1:4 in 10 mM potassium phosphate buffer (pH 7.2) and measured twice in disposable 1-mL polystyrene cuvettes using the Zetasizer Nano ZS (Malvern, http://www.malvern.com/). A more detailed protocol is provided in Table S5 .
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